Staining algorithm (SA) was proposed to extract waves that pass through the target area and image the target area with the extracted wave to obtain a higher image quality. In this study, we proposed an approach to reconstruct weak signals for electromagnetic (EM) wave modeling and established the correspondence between subsurface target structures and the reconstructed wavefield. When using the reconstructed partial wavefield in the reverse time migration (RTM) of ground-penetrating radar (GPR) data, we can mute nontarget information from the conventional RTM image and keep target related structures. Numerical experiments show that our method is able to extract low-energy waves under lossy layers. Furthermore, the constructed electromagnetic wavefield is actually a subset of the real electromagnetic wavefield. We applied this method to target-oriented imaging and obtained high-quality images of target structures in lossy media.
Introduction
Ground penetrating radar has been developed in theory, technique, and range of applications rapidly over the past few decades. GPR was applied to a variety of fields such as the study of subsurface contamination, archaeology, geotechnical engineering, and glaciology (Benson, 1995; Plewes and Hubbard, 2001; Jol, 2008) . Reverse time migration (Baysal et al., 1983; Chang and McMechan, 1987) is a wave-propagation-based process that focuses reflections and diffractions and yields image of the subsurface area. Due to the similarity between the Electromagnetic wave and the seismic wave in kinematics and dynamics, RTM has been successfully implemented in processing GPR data to obtain the true depths and shapes of internal structures (Fisher et al., 1992; Leuschen and Plumb, 2001; Liu et al., 2014) . However, the presence of electromagnetic wave attenuation distorts the phase and amplitude of the signal, and therefore degrades the image quality (Zhu et al., 2016) . Attenuation in the ground can be highly variable and has a significant effect on the depth of penetration. Additionally, the conventional RTM generates noises and artifacts due to the limited acquisition system, overburden complexity, and the reflector dip angle (Xie et al., 2006) .
Staining algorithm (SA) (Chen and Jia, 2014; Li and Jia, 2017 ) is a processing technique to improves the image quality of poorly imaged areas, which has been successfully applied to the seismic migration. Similar to fate mapping in developmental biology (Dale and Slack, 1987; Ginhoux et al., 2010) which traces target cells and their progeny at later stages of development, SA traces and extracts those waves that pass through target structures. The extracted wavefield is called the stained wavefield. When the wavefront reaches the 'stained' target structure, it will be automatically labeled and traced in subsequent propagation as well as its reflection and transmission. Thus, the stained wavefield is a subset of the real wavefield, and it includes only responses relevant to the stained structure or area. When a stained wavefield is used in RTM, non-target information, including both signals and noise, is muted from the migration results, while the low-energy target related information remains; therefore, the image quality of the target structures is improved.
In this study, we proposed an approach to reconstruct weak signals for electromagnetic wave modeling and RTM of GPR data. The real and the constructed EM wavefields are linked up by regarding the real wavefield at a marked area as the boundary condition for the reconstructed wavefield. The amplitude and the waveform of this local EM wavefield are consistent with those of the real EM wavefield. We used our method to reconstruct the weak signals under lossy media. Using the real and the local EM wavefields in the RTM of GPR data, we obtained a conventional RTM image and an exclusive image of the target area. Our method improves the image quality of target area by muting nontarget information from the image instead of enhancing the energy of target structure directly.
Theory
Our method is based on the transverse magnetic (TM) Maxwell equations (Irving and Knight, 2006) , which are given by ,
,
where and are the magnetic-field components in xand z-direction, respectively; is the electric-field component in the y-direction; , and denote the dielectric permittivity, magnetic permeability, and electrical conductivity parameters, respectively. Variables with A high-resolution weak signal reconstruction method for RTM of GPR data overbar denote the regular real EM wavefield. The local EM wavefield is constructed by ,
where variables with tilde denote the reconstructed EM wavefield. labels the marked area and is set to be 1 at the marked area and 0 otherwise. Equations 7 and 8 actually define the boundary condition for equations 4-6. Stratton (1941) gives the solution to EM wave as
where G is the Green's function and is the electromagnetic field. When the marked area is a boundary with a proper thickness, can be accurately determined by equation 8. Equation 9 allows reconstructing the wavefield on one side of closed boundary with the given and on boundary . Figure 1 shows the workflow chart for applying the wavefield construction method to RTM of GPR data. As the workflow chart shows, solving simultaneous equations 1-3 and simultaneous equations 4-8, we can obtain two forwardpropagating wavefields and , respectively. Backwardpropagating the observed data, we can obtain the backwardpropagating wavefield , which is the y-direction component of the electric field in our problem. Zero-lag cross-correlation imaging condition (Claerbout, 1971 ) is used for imaging, given by , , ,
and , , ,
where is the maximum recording time,
, denotes the conventional RTM image, and , denotes the migration image generated by the reconstructed forward-propagating source wavefield.
Numerical Examples
Several numerical experiments were conducted to show the application of the wavefield construction method in EM wave modeling and RTM of GPR data. The staggered finitedifference method in the time-space domain is used in the following examples. To absorb waves at the edges of the modeling grid, perfectly matched layer (PML) absorbing boundaries is used. Figure 2 shows snapshots of component of the constructed and the real EM wavefields in homogeneous media of which 1.0, 12 and 0.6 / . The source pulse is the normalized first derivative of a Blackman-Harris window function (Chen et al., 1997 ) with a dominant frequency of 300 Mhz. Waves passing through the red line in figure 2b will be extracted. This method generates extra backward-propagating wavefield. Since the propagation direction of the backward-propagating wavefield in the constructed wavefield is always contrary to that of the forward-propagating wavefield, the backwardpropagating wavefield can be filtered by the propagation direction. Poynting vector is used to determine the propagation direction to filter the backward-propagating wave in our work. Poynting vector gives the direction of EM wavefield propagation as .
Figure 1. The workflow chart for applying the wavefield construction method to GPR data RTM. is the maximum time step and is the backward-propagating receiver wavefield.
The reconstructed wavefield after filtering shown in figure  2b is the wavefield passing through the red line. The reconstructed and the real wavefields have the same phase and amplitude. Wavefields along the blue lines in figure 2 are displayed in figure 3 . The difference between the real and stained wavefield along line 1 is two orders of magnitude smaller than the real wavefield and exists above the marked area. The real and the reconstructed wavefields are identical below the marked area, i.e. depth larger than 4.0 m in this case. After the backward-propagating wavefield is filtered out, the reconstructed partial wavefield is actually a subset of the real EM wavefield. When a small area is marked, we can obtain wavefield related to specific area or structure.
A high-resolution weak signal reconstruction method for RTM of GPR data
We considered a high conductivity water-filled layer model. The relative magnetic permeability is 1.0 . The dielectric permittivity and conductivity models are shown in figure 4 . The gird size is 1001 501 and the grid interval is 0.016 m. Strong radar wave attenuation occurs in the water-filled reservoir prevents from reflecting at deeper reflector, especially for the reflector located around 8.0 , 6.0 , since the high conductivity layer over it is particularly thick. We are going to trace and extract the waves that pass through the area as the solid white line in figure 4a labels. The source is the normalized first derivative of a Blackman-Harris window function with a dominant frequency of 300 Mhz located at distance 0.08 m on the surface. 1001 receivers on the surface at a depth of 0.016 m is used to record the E component. 
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is the time shortly after the down-going wave reaches the marked area. At this stage of propagation, the reflection from the marked area, as red arrows in figure 5 indicate, can be clearly identified from both snapshots of the real and the reconstructed wavefields. Note that the reflection in the reconstructed wavefield has the same phase with the real wavefield, while the amplitudes of the two reflections are not exactly matched. Generally, this amplitude difference is much smaller than the amplitude difference between high and low attenuation loss. Snapshots at 107.2
show that the traced wave is close to the ground surface, as the red arrows indicated. The black arrows indicate the reflection from the rest part of this deep reflector. At this stage of propagation, the energy of the traced wave is much weaker than the reflection from rest part of this deep reflector due to longer propagation distance in the high conductivity layer. Figure 6 shows the components of the real and the reconstructed wavefields recorded on the surface. In figures 5 and 6, the red arrows indicate the reflection from target reflector; the black arrows indicate the reflection from the rest part of this deep reflector; the yellow arrows indicate the diffraction introduced by the endpoints of the marked line. The snapshots in figure 5 and the recorded data in figure 6 both show that our method is able to extract target related wavefield, even if its amplitude is much smaller than the others'. The reflection as the black arrows indicate in figure  5 and 6a are not reconstructed in the data shown in figure 6b . The signals as the yellow arrows indicate in figure 6b are diffractions from endpoints of the marked line and their arriving time and amplitude are different from those of the reflections as the black arrows indicate. 21 synthetic shot gathers are used in imaging. The first source is located at distance 0.0 m and the last source is located at distance 16.0 m. The source interval is 0.8 m. Each shot gather contains 1001 traces with a trace interval of 0.016 m. The totally recording length is 300.0 ns and the sampling rate is 0.04 ns. The waves passing through the location as the dashed white line labels in figure4a are used in RTM of GPR data. Figure 7 shows the conventional RTM image and the image obtained by the wavefield construction method . In the conventional RTM image, the electromagnetic impendence interfaces in the red box in figure 7a are poorly imaged due to higher attenuation, while electromagnetic impendence interfaces in the black boxes are well imaged because of lower attenuation. In the image obtained by the wavefield construction method, since the extracted target related wavefield is used in the imaging condition, nontarget structures are muted from the image and target related information remains. The more complex the subsurface media is, the more unrelated information will be muted. Therefore, the improvement by the wavefield construction method is more significant in complex media. The backward-propagating wavefield generates a footprint and the shape and location of this artifact are the same with the marked area. Since the shape and location of the footprint change when the marked area changes, the footprint is easy to identify. A high-resolution weak signal reconstruction method for RTM of GPR data method. Therefore, the computational time of applying the wavefield construction method to the RTM of GPR data is less than twice computational time of the conventional RTM of GPR data. 
Conclusions
In this study, we proposed an approach to extract targetrelated wavefield in the modeling of EM wave, and we employed this novel method in the RTM of GPR data. The method is used to extract low-energy waves from the electromagnetic impendence interfaces under lossy media. The waveform and the amplitude of the forward-propagating wavefield in the extracted wavefield are the same with those of the real wavefield. The extracted wavefield is regarded as the forward-propagating source wavefield in RTM to generate an image of the target structure, and therefore nontarget information from the conventional RTM is muted and information of target area remains. In this way, our method improves image quality of target structure. Additionally, the improvement by the wavefield construction method is more significant in complex media. Furthermore, our method is potentially useful in attenuation compensation for RTM of the GPR data. © 2017 SEG
